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Research on long-term stability of fly ash solidified by calcium aluminate
cement-based materials through accelerated ageing test
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Abstract: The leaching under acid rain is an important factor that affects the long-term stability of solidified fly ash. The
sodium dihydrogen phosphate (NaH2POs) and sodium diethyl dithiocarbamate (DDTC) are added to the calcium aluminate
cement (CAC) to obtain CAC-based materials for solidification of fly ash. The long-term stability of the cured fly ash is
investigated through the accelerated ageing tests. The leaching toxicities of Cd, Pb and Zn are studied by leaching tests. The
sequential extraction tests are conducted to investigate the chemical species of heavy metals. X-ray diffraction and scanning
electron microscopy tests are used to analyze the mechanism involved. The results show that the leaching concentrations of Cd
and Pb are the lowest at the 26th year. The concentrations increase afterward and exceed the limits at the 78th simulated year.
The leaching concentration of Zn increases continuously during the simulated 104 years. After cured by the CAC-based
materials, the heavy metal bound to organic and residual increases, and that bound to Fe-Mn oxides decreases. Along with
ageing, the heavy metal bound to Fe-Mn oxides increases and the residual decreases, resulting in an increase in the leaching
concentration. The CAC hydration products, phosphate precipitation and complexes increase the amount of aggregates and
reduce the pores, thus reducing the leachability of heavy metals. After the accelerated ageing tests, these materials decrease or
even disappear, resulting in a decrease in the encapsulation effects. This study provides theoretical basis and technical reference
for the long-term safe disposal of fly ash.
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li] 14/ 72 A AR R FH 7K 8 B A 2 24 711 ] 5 KK
I E SR, PR E &8 FiR Bk R4, 2N H
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HH i B B I AR R #h 22 FEIK OPC (1 AR B ZUERL),
NT RN B R AE, HTE OPC M R IR INA HLEL
THEEAFIE K OPC 2 K [/ (b & &4k
LR IR SR AN — 2k —RiARE I R BN (DDTC) . Hih,
NaH,PO4 [f] PO4> Bt 5 Cd. Pb 1 Zn %5 5 & & JE Mt
IR R v03E, DDTC ) AR IR RGeS
Cd. Pb Ml Zn 5 H & @ IL i 1 IR RE SV .
Ma ZE0OTR LR 20% (5 € KT 2 O [ OPC #1 1%
) B AR L R AL HE KK J5, Cd A Pb 1R H
BIREIAT] 7 I I A AR E . Chen 2R & T
10%(1) OPC H1 2% IR — 8 (NaH,PO4) AbEE K
KJGE, Pb IR SR B A B T I I AL B AR AE .

5 OPC Lk, £HIRE5/KIE (CAC) EAM & .
B PUB LR PR SRR 5, BT AR, CAC
Xobig Yt o EE E AR I B AL RCR ZR T opCl2 1,
FEE A AL B R K R 428 J5 T CAC th B A (AL 404,
Wei ZSTR I T 5[ 4k K2k Pby Cd F1 Cr (3%
HR FE kbR TR 35%(%) OPC, Tifd ] CAC Eik [
FERUCR R T2 25%; Chen S5V R B, 7EAH [F] 157
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AR, 1 HKJEFHE S AR AR OB B,
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A, RO /AR 2 A IR AR AN T
T R, TR S X b . [/ ARtk
FAR B I e M 2 AR R Z e BN B s, A 7K
&l HUR KGN TRRIE . GREMERS . AR
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MR RPE R R B R, ik, HACE -
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MEETHRFME N 2R (B Wi HaE, B
P I R R ARE R [P 24047 4 1 Suzuki 251
F s LR E LT 12 100 a NATREEEAMEIIERI  (pH
N 4.0) B HEE (1.54X 10 2mmol/g), X477 [E1k
A3 pH 4 2.8 17 10 mL B BRI X B H A i 1.54
X 10 mmol) MUNIRTEM, TEEH M N HHTINEZ
RS, BIUFAE T B AR E LT 100 a BEFR Ik
JESE AR E M Shen S5O AN [F] pH IR 23K
RANE, SEIEM T o, R SRWAHE pH 1
BRIR IS A IR, B 4 85 P R e Y B v 5
HE R TR Y IR R (PR AR Y 1.538 mL, i 10
mL 25— IR GG AU 2 AL I 7] 6.5 a, i
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WMALRBER T 2. i CIRAE (105+5) CHLF2EE,
I 1 mm 57 5 R RS R o8 Rietveld
TER RO AR AT 5 2 T, BB RS A -
Si0, (24.5%). NaCl (20.1%). CaCO;3 (27.5%)+
KCI (3.0%). CaCIOH (9.3%). CaSO4 (15.6%).
(IR ARG : HI/T166—2006) Xt €K
&R S BT E, Cd. Pb Al Zn IS &N
60.00, 1343.50, 9411.20 mg/kg, KK EHEBIR
HRIRE IR 1 fis, % GB 16889-2008, Cd. Pb
A Zn [ BTV EE 23 06 T I N FRAE I
19.8 fi5, 43.96 fi%, 0.86 fiFo
=1 ¥YRFPESENZHREKRE
Table 1 Leached concentrations of heavy metals in fly ash (mg/L)
B MCr Ni Cu Zn Cd Hg Pb
RIME 427 035 1231 18595 3.12 0.03 11.24
FRAEL 45 05 40 100 0.15 0.05 0.5
(2) CAC EHAME
ST OPC Al CAC [El4b b ER A %S LI T4
R, 7 KK BN 10% OPC F1 CAC 4T %F L,
iKW CAC WAL R T OPC, (HAXH/KEAL
AR R I NI (IR IR 2k . (AL, AR
i/ CAC H5EAFIFRIFE /A e IR, BEEFIR
F NaH2PO4 F1 DDTC . #2475 7l 2% 156 i 2 1) B A 245 771
MESREAEE, ARK CAC HEEN 10% LK
T8, NaH,PO4 1 DDTC FH&#I4 0.5% KK T H,
1.2 W&
iR 2 HHITERH CAC REAMEL, TER
[ LA 0.5 MtE L MR A . s AIE AL 3 NE B
Hil & e fEIRAPYEL, CAC MWK GHH:
10 min, F-# NaH,PO4 1 DDTC ¥ f# T2 8 1 /K 5 81
NIREVHHEFE 10 mins ERM B, K REDEIA
BN 50 mm. N 100 mm LR, HCE 1 d;
TEBEALIT B, Bl MR R U S, 75 23+2°CHY
HEEEFN 95% MM % FFRY 14 d.
Fz2 mMERZNRES R

Table 2 Schemes of accelerated ageing tests

Fedhgns  CAC/%  NaH:POs/%  DDTC/% ?;Jig
C-0 10 0 0 0
CPD-0 10 0.5 0.5 0
CPD-26 10 0.5 0.5 3
CPD-52 10 0.5 0.5 6
CPD-78 10 0.5 0.5 9
CPD-104 10 0.5 0.5 12

1.3 REFHE
(D g2 A%

AR AR P IE Z R % Shen 251201
(1) [ 40 35 G 4 g 2 AR vk, R S5 /K pH AH
[F] R, RIS, K R AR R 9.5 mm
i fo BT HEE N, $%IERE s E AT B 10 mL =42
W LI NI, A2 [ e T /KPR35 45 E A
75 rpm P)FEEIRY 8 h G, KRG WERE 1 h, 24 L
THBEDUEDLE 40C Pt TR EEEE, HA—14
DEAEIR . BT s X GBI T I 20 a [AEI R RN
& 1495 mm, F/K pH M 5.6RY, &5 KELK (3%
IE R R PR R4 RIAFEM 1495 mm,
CIREAA T N 1.3 glem®, HILHAE 1g CIKIH
MARBFEE R AR K B 1.15 mLo s A B a] 5E S
N TERG RN, BB AT S R SRR HY
SMES HANKMIER I —F BT m H &2 e,
BN A SR IGIR I (pH=5.6 MIBRFRIAW) Sk
pH AH ], AL IR RE 35 IR S AR 40 AR sk 22 AL (] i Ak
ok v A A B IR R (10 mL) 5 RFF i
IR ZK & (1.15mL) Z b, BI— NI E s mfl i
PRSI 8.7 a0 AR SCAFALIRAFE [ ISR AG PR IR B n R 3
iR, 46 3, 6, 9, 12 ¥k, BIEU AL A Ky
26.1, 52.2, 78.3, 104.4a. (EFAMERLEHRE, e
HEFRE Cd. Pb F1 Zn AR HY R EIRE .

(2) BEL&RBEMERH KIELIRIGRLE

RIE TR, RFE C-0 A1 CPD-0 ) K K51
AN 117, 3.02 MPa, BHE&ET 1 MPa [ [E{bFE €
AL EEFRUEEE R, Rk, ARSCAKEP RS, T
MR ESER . B R R ESER R ER
Fi e 1R 35 [ e B PR A S AR E B3 1R 7 (TCLP,
USEPA Method 1311) Wll5E . % T[4k 4 2 558014,
H pH>5.0, % pH=2.88+0.05 [IESERZE /i AE N
BRI, AL TIRMTTE G, S51RIMLL120 1)
R LLIR A, 7E 22°C FHiHE 18 he A5 H US4
B A R RIS R Cd. Pb AT Zn [ RK
&,

HE B HTKH Tessier LR HUATR,
ZHIFEHESES N S MRS, FREWEINTR: "758
WAL R4 B <BREMD S G E<AILE &
B<IRBE, MHRIEPCPERUT

O Ac#Hds: 1 g FEMEMAR 8 mL #KE 1
mol/L.pH=7 [] MgClL &+, fE i NELEHRY 1 h,
B EEE HIEW, TIERRIRE .

QORIRE LA FBRBINAS] 8 mL K 1
mol/L [f] NaOAc & (F HOAc 1% pH=5), =i
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NELLRY Sh, B0 E EER, dIERRIRE.

O EMNILE B L LBFRE I 20 mL iR
0.04 mol/L [ NHOH-HC1 F125% (v :v) [fJ HOAC
RAW, £ 96°C R 6 h, Blr. LIS IIRE .

OHFEIMEES: PRBEMAE 3 mL KE
0.02 mol/L ] HNOs f1 5 mL 30% ] HO.(HNO; i
pH=2), 85°C FE¥% 2 h, JIA 3 mL 30%ff H.0,,
85°C F/ZE% 3 h, MIA 5 mL 3.2 mol/L [f] NHsOAc Al
20%M1 HNOs VA5, =i FE% 0.5h, &,

OFkitids: B FRE KR HE-HK HNOs+K HCIO,
AR, BOAEE EIER.

(3) XRD/SEM R4

#47 XRD 1 SEM 73 # T, 18 FHJE/K BRI
FELLA IR KAL R B . XRD 56, CIRFE SR e o
it 200 H i, 148 DX-2700 B X SR ATHHAX W
gy, TAEZAEN: Cu FHAREE, IR 25 mA, HE
35kV, FEHEHEK 0.02° , AR 10° ~80° ,
FHGHEEE N 10%/min, XRD K 1% 4# A High Score Plus
v3.0 AT T .

SEM 56 {# Fl Gemini-300 7 Ha 7314 i 45 ,
PR T8 HA AN 8 mmX 8 mm #4, BT
S50C NHET 12he RS, WHAEMEAT SR,
FHEH SEM  FRAEBUIHI ik T HL R Ay [ 5 A iy, AN
HLEN 20 kV AT, REMM SEM K&, 21
RO i R TS .

2 AEER5IHHL
2.1 CAC #1 OPC Bt XM EL B IR EIKEXTEL
K HAT AL AR EE, 2517747 7, 14 d it
TEMR IR, HREELE Cd. Pb il Zn K92 H
HIREWE 1 R, MEKRSEMFRY G,
AR T BB Z KA, BRI 0R, Ee SRR
FEREMK. 10%CAC [E4L € KFRH 14 d J5 Cd. Pb. Zn
(35 R BV FE R 0 591 1.60, 2.21, 60.32 mg/L, i
fXF OPC X} 3.27, 4.21, 92.87 mg/L, i8] CAC
LR SE &R OPC BA B I A FIR . fUH CAC
[ LS, Cd Al Pb (iR i ik LB s T (AR iE s
WA 5 Yed hilAnifE: GB 16889—2008) H Al 5E [
0.15, 0.25 mg/L B EIRFERR{E, CAC /KAL) I /=
¥) C3AHg (3Ca0-Al,03-6H,0). Al(OH)!'2, BARE
ISP ER TR RICESREIRE
= D, HEARRE R Hbr. FUIESCE 10%CAC
£t E 51\ NaH,PO4 fll DDTC 4% & & 1kl kab 2
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5_
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&
= 27
H

ok

6
E R
=
E4r
=
B 3
I8
S o
5
£ 1r

ok
1200 _

- £ »

ol bt - - -1 RERERE100 mp L/

ZnZ B /(g 1Y)
3 3 s

8% 10% 15%
(¢) Zn

1 CAC 1 OPC B ¥R BYRH FRERE
Fig. 1 Leaching concentrations of heavy metals from fly ash
solidified by CAC and OPC
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%35 2 Wi 7 AT I s ks e, EdR
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Hor For MBI L AL K () o R AL
ke, AHEER A CAC X RKEAT R (C-0),
VI 0.5%f) NaH,PO4 Fil DDTC J& (CPD-0) , #4
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FERRAE ZER, T B 2D v Ay B 24 770 7 B SR 4R v
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Fig. 2 Leaching concentrations of heavy metals before and after

Zni3 ) i B B /(g LY

accelerated ageing tests

FENNEZAL 26 a 5 (CPD-26), Cd f1 Pb 3% i
BIRERAG, 2 BB 0.10, 0.12 mg/L, XA K
N NaH,PO, 1 DDTC 5#H & J& Cd fl Pb it — Wi
PRI T ESEIIR BB, BEE 2R gk ek, Cd
A Pb R RGN ERLEE 52 4, Cd
A1 Pb R R IRE 438 0.13, 0.23 mg/L, KT
H BT bR UEPRAE s 78 a J5IR IR E 258 0.21,
0.53 mg/L, 4 lE ThrrERRAE R 40%F1 112%, it
B[] A4 A B ) RS e M AR O . TR T- Zn, AR
AP 0~104 a N, HIZ R — G0, XF%
FERN Zn (PEREMELL Cd A1 Pb 5%, (HZAL 104 a
Ja (PR T R FE T AR TAUE A CAC R4k
REEFRIRE (C-0), HART Fmik IR RUE.

2.3 BEEBRUFERESSH

X I AR5 S5 (1 [ 4k AR AT Tessier 42
FERCRLS, 4R WK 3 Prn, NA RRARLER) K.
A A RRELAEAS. BRAEES. AW
GEASAERAESLH % F1. F2. F3. F4. F5 &
Ne {EJEIK (NA) o Cd. Pb #1 Zn f#] F1 F1 F2 1RAK,
Cd 1 Pb MR EEER F3, ol 76.67%F
64.01%, Zn [ F3 [5EN 30.50%. F3 & —FhilfasE
RIS, ERRA AL N F1L AT F22Y, B b K
R R EIRE . (H CAC G (C-0), %
HEBROFREE FS M, Hd Cd F Pb 1 F4 5/b .
Zn ) F3 5/0, BRIV B CAC b3 5 i — e 2
% LK. F CAC R &4 kG S, Cd. Pb Al Zn
1 F3 Jelsb FS #t—2080m, UiHASC CAC EE A
BLRES 8 B 48 BTG MR I B A R e A 2 A N
FRES, N\Fﬁm%ﬁ"ﬁ%&ﬂﬁﬁo

CAEBN S RI%

PO A B/ %

oy B Bl %

0
Q
$?‘ C»C)QQ

o
& @‘
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B3 mEEWRBAIEESRUFHSTH

Fig. 3 Speciation distribution of heavy metals before and after

accelerated ageing tests
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BIEARI F1 8L F2 ANEFREEE K, X 5K 2 f Ccd
Pb 12 R B EEEEE 26 A N, Bl 5 X2
s B —5 Xt T Zn, ME 0 F| 104 a ], F3 —
FLAEHGIN, F4. F5 AR, X 7R ki iz
o 5B B S B TSR 48 oo
2.4 XRD ##f

Bl 4 MK, G IR EINIEEA 104 a 51
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IR =4 C3AHg A1 AI(OH)3 1F 938 (P AH H BT,
A, TR CAC H Ca® & 8505, 5774 CaCOs
AT CaSO4 FFUTIEY), BRI EFEAE A RPFE T H 4
J& (PR R E - CPD-0 FRAS IR T Pba(PO4), AllFE I
KA (HAP), XA[HgZFNE S8 S NaHoPOy R,
TER T B Eh AN 1 Sm A, 1T HAP e A5 b [#] i &
g, FFHE Pob Al Zn, 2K E E N A R
Pbio(PO4)s(OH)> Fl Znio(PO4)s(OH),*%!, iXj& CPD-0
(1) H 4 IR IR PR A C-0 K B2 kD 1 TR IR 22—

(I)—NA 1. Si0,, 2. NaCl, 3. CaCO3, 4. KCL,
() ——CPD-0 5. CaClOH, 6. CaSO,, 7. C;AHg,
() —— CPD-104 8. HAP, 9. Al(OH)s, 10. Pb3(POy),

1 3
(i 3

|
At APV U | W ,,QJL\JNM\N, S VAP, [N S
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Fig. 4 XRD patterns of fly ash solidified fly ash and those aged

104 years

4k, DDTC 5 ¥R E 48 kAR B A IR NE
JRE&EWD, U CroHa0ZnN2Sa 25, A ) = 2 2 [A] 45 4
PR E T EERNREN, BEKTESBRE.
{HTE CPD-0 HHEAH RIELHT IZ4 &04s ftl, X & T
DDTC %5 5 & MA R ELBIL R &, MFs
HE RG] REHAAEES B RS AR
W7, AIEF) XRD KPR . M XRD #6025 48 45
e AR SR/ 45 B mT AHEIRT H, CAC & & AR
/g sE L 6K R 4R I S EHLEE R 2R AR AT
X aEER . £ ingEZ1k 104a (CPD-104),
C3AHs. HAP. AI(OH)s+ Pbs(PO4) ZEWHH I {1 55 FF 1)
AFIFEE T REE AR, UK I K IE T A
VAR D ) 4 1) [ TS 1T CaCOs

ANIEPE T, X TR COL N KR AL AR
WrsksEiR i 2, COx* 5 Ca* RA R, (HIXiz
B IR A A Uk T B B PR RE T BRE
2.5 SEM ##f

H CAC R:E &M EHEHE AT K SEM El{§oR
FH 5. W ILEIRAECRER, AR (6 AR RS Rk 3R 42
TE— I A2 TR CRRL, IR -5 R AR etk
WIREE A, m RO E AT L 2 N A AN FI R 5
EH, FLBREK. AFE (CPD-0) FHA7 I KK
FIEEATE %, HHEI T KEEPRMALER AR, X
SEFFE CAC [R7KALF W) C3AHs AT AHs, KRB0 1%
Az BRI AR i PR RT B PR BT B BB 28, R B E AR
FEEH. IEZIRK 2 5 (CPD-104), BAkLEH
e s, FLBRERD, TIREA — EENIRAA 4R
M, X ULBATEZAL 104 a J5 CAC G A PR AL [
WAE AR R, R C3AHg A1 AH; 2545 FiTiiZb, A
I i S AT ] 386 K02 R FE R A 3

5 R, ELTCRMEZ 104 a JFHY SEM Elff
Fig. 5 SEM images of fly ash solidified fly ash and those aged 104

years
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